Objective 38
The objective of this contribution is to outline the most promising techniques, as we 39 see them, to predict community dynamics in the medium term. By community 40 dynamics, we mean changes in species composition and relative abundance through 41 time or over environmental gradients. By medium term, we mean 5-10 generations 42 into the future, a timeframe that varies enormously among organisms. It represents 43 an important frontier to advance, however, as it is the scale at which extrapolations 44 from current community structure tend to break down, and yet, given anthropogenic 45 effects on global climate and to environments around the globe, it is relevant to 46 conservation, restoration and ecological management (Agrawal et al., 2007; Clark et 47 al., 2001) . Notably, ecologists already have predictive ability over such scales in a 48 few circumstances. Following decades of research, we can make strong, empirically 49 grounded predictions about the dynamics expected, for example, upon the 50 abandonment of agricultural land (Horn, 1974; Norden et al., 2015) . Even so, 51
ecologists' ability to accurately predict community dynamics remain frustratingly 52 limited. For example, we currently have little ability to predict changes in tree relative 53 abundance over 200 years in tropical rain forests, or invertebrate species 54 composition over five years in temperate vernal pools. 55
Improving our predictive ability would be of great conceptual interest, yielding 56 insight into long-standing questions in community ecology. For example, many 57 ecological communities are puzzlingly rich in competing species despite a lack of 58 obvious niche partitioning at the scale of individual patches, resulting in what 59
Hutchinson (1961) famously described as a "paradox of the plankton". Conceptual 60 gaps also remain in understanding how the strength and nature of interspecific 61 interactions vary over space and time and thereby generate variation in communitystructure (Agrawal et We begin by outlining the most-promising current approach, based on the 65 estimation of demographic parameters relating to stabilising and equalising 66 coexistence mechanisms (Chesson, 2000b) , which has scored notable successes 67 Lambers, 2009). Essential to any accurate prediction is the identification and 69 minimization of uncertainties (Clark et al., 2001 ), so we next explore the challenges 70 that limit the current approach. We discuss the tools derived from phylogenetic and 71 functional ecology that have been used to surmount these challenges, and their 72 limitations. We conclude by presenting two ongoing investigations that employ 73 complementary techniques, 'hard' functional traits and physiological tolerances, to 74 further extend the demographic approach. We see them as offering the most 75 promise to generalise the demographic framework, thus facilitating accurate 76 predictions of community dynamics of a wide variety of ecosystems. 77
78
Background 79 25 years ago, Pianka (1992) declared that "Community ecology… remains a 80 primitive and embryonic science". He was correct in many ways. Ecologists have 81 debated the controls on population sizes and community structure since the dawn of 82 ecology as a science, and conceptual approaches to community dynamics had 83 proliferated (Fig. 1) . Nevertheless, their application stalled because most of the 84 underlying theory, with the exception of limiting similarity (MacArthur & Levins, 1967 ) 85 was qualitative. The lack of mechanistic quantitative theory precluded accurate 86 predictions of community dynamics (Vellend, 2016 we elaborate on this comment, detailing the challenges that most strongly limit the 140 deployment of the demographic framework in the prediction of community dynamics. 141
First, and most simply, estimating population sizes of organisms that are shy, 142 nocturnal, fossorial, or otherwise difficult to detect is challenging. Moreover, the great 143 majority of species in any community are rare, complicating the estimation of their 144 population sizes (Rabinowitz, 1981) . 145
Second, the life history of some organisms makes it difficult to estimate their 146 population growth rates and the sensitivity of their population growth rates to intra-147 and interspecific density. Making observations over the complete lifespan of long-148 lived individuals is often infeasible (Clark et al., 2010 Moreover, interaction coefficients need to be assessed across the natural 183 range of population density. A challenge in using observational data to do so is that 184 most species tend to be either common or rare throughout a study system (Rabinowitz, 1981) . Thus, regressions of observed population growth rates against 186 observed frequency often lack sufficient statistical power to yield satisfactory 187 estimates of interaction coefficients. An alternative is to generate experimental 188 communities at a range of densities, and to estimate interaction coefficients from 189 
below) 216
Given this list of challenges, it is perhaps unsurprising that relatively few 217 investigators have employed the demographic framework to predict community 218 dynamics. Nor is it surprising that many researchers have turned to tools from 219 phylogenetic and functional ecology to overcome them. 220
221

Addressing challenges through shared evolutionary history 222
With access to phylogenetic data, it is possible to estimate the degree to which 223 shared evolutionary history structures ecological communities (Webb et al., 2002) . 224
Access to these data has been facilitated by inexpensive sequencing and tree-225 and nutrients, and can be estimated in less than a second using the difference in 272 optical density at a pair of wavelengths (Coste et al., 2010) . Photosynthetic rate, on 273 the other hand, indicates the effective net rate of photosynthate production, but takes 274 longer and requires a much more expensive infrared gas analyser (Table 1) 
rates. 300
The use of hard functional traits come with two caveats. First, as they are 301 associated with actual, rather than potential vital rates, environmental conditions 302 influence their expression more than soft traits. To extend the previous example, the 303 soft functional trait of chlorophyll content is relatively independent of abiotic 304 conditions at the time of measurement, whereas photosynthetic rate is highly 305 context-dependent (Pérez-Harguindeguy et al., 2013). Thus, the signal that 'hard' 306 traits provide can be noisy, and can only be interpreted in the context of 307 environmental data. Thus, using them effectively requires not only their 308 quantification, but also determining the extent of their variation over relevantenvironmental gradients. Moreover, as they are usually tissue specific, rather than 310 integrating over the entire organism, functional traits may trade off among the tissues 311 of an organism, obscuring their interpretation (Kraft, Godoy, & Levine, 2015) . 312
313
Physiological tolerances 314
We further suggest the use of whole-organism physiological tolerances (also 315 (Craine et al., 2012) . In other words, it is the whole-organism 319 compensation point for that resource or condition. The relevant tolerances to assess 320 will vary depending on the organisms of interest and the environmental context. They A great advantage of studying physiological tolerances is that they explicitly 336 link vital rates to environmental conditions, making it possible to predict how 337 community dynamics will vary over environmental gradients. The most-relevant 338 environmental gradients over which population growth rates and interaction 339 coefficients vary will generally also be those most relevant for the assessment of A final challenge for the use of both physiological tolerances and hard 380 functional traits is that their measurement is typically labour-intensive, limiting the 381 number of species that can be feasibly studied. This issue can be addressed in three 382 ways. First, the careful selection of study species can yield community-level insight.
In species-rich communities, it is advisable to study relatively common species, as 384 they represent the majority of the individuals present and are the species most likely 385 to interact. Interactions among rare species are by definition rare, outside of 386 specialised host-parasite or mutualistic relationships. It is also advisable to select 387 species with typical functional traits, as these are most representative of the 388 community as a whole. A second way to address this issue is to assess soft 389 functional traits together with hard traits or physiological tolerances. This requires 390 little additional effort and allows the relationships among traits, and between traits 391 and tolerances, to be assessed. Thereby, the enormous amount of soft trait data 392 already available can be leveraged to yield further insight into community dynamics 393 (Kattge et al., 2011) . Third, the use of standard measurement protocols would 394 facilitate sharing data among studies (Craine et al., 2012) . Additionally, depending 395 upon study design, certain species, for example invasive or endangered ones, may 396 need to be included. Regardless, logistical constraints will rarely permit all co-397 occurring species to be investigated, imposing an inevitable loss of precision in 398 predictions of community dynamics. 399
The beginning of the physiological tolerance approach is illustrated by 400 
Case studies 419
Community dynamics on ephemeral patches: a case study of Sepsidae (dung flies) 420
Although most recent empirical work on community dynamics has focused on plants, 421 there is considerable scope for extending the demographic framework to predict the 422 dynamics of animal communities. Among the most tractable of animal communities 423 are those comprised of short-lived species that complete their life cycles on discrete 424 ephemeral patches of organic matter (Horn & MacArthur, 1972) . Ephemeral patch 425 communities encompass a high proportion of global biodiversity and include species 426 that rely on carrion, dung, deadwood, plant tissue, fungi, fruit, flowers, short-lived 427 water bodies, or host organisms to complete their development. Such communities 428 are often highly species-rich despite strong competition and a lack of obvious niche 429 partitioning within patches, making species coexistence especially intriguing (Finn, 430 2001). They are often highly amenable to experimentation, as the rapid turnover of 431 patch resources facilitates community manipulation, sampling, and replication, and 432 the patch environment itself can typically be controlled and measured duringobservation. Obtaining population size estimates for ephemeral patch competitors in 434 the field, on the other hand, is often prohibitively difficult. 435
The coexistence of competitors in ephemeral patch communities is widely 436 assumed to be dominated by the stabilising mechanism of intraspecific versus 437 interspecific aggregation (Chesson, to hard functional traits, such as individual longevity, wing loading, egg load and 446 larval feeding rate, enabling the prediction of community dynamics (e.g., Duthie, 447
Abbott, & Nason, 2015). 448
Black scavenger flies are a family of flies (Sepsidae, Diptera) especially 449 amenable to a trait-based approach to predict community dynamics. Sepsids occur 450 worldwide, and 10 species that occur in Scotland form the basis of this case study. 451
Flies are easily located and collected while mating on dung in the field and can be 452 maintained in large numbers under laboratory conditions. We measure traits 453 hypothesised to affect aggregation, and therefore competition, under controlled 454 conditions. The malleability of dung pats and short generation time of flies facilitate 455 the estimation of population growth rates and interaction coefficients through 456
pairwise invasion experiments across a density gradient of resident species (Fig. 2) . 457
Unhatched eggs and larvae are collected from dung to measure the sensitivity of 458 each developmental stage to competition (Blanckenhorn et al., 2013). Moreover, we 459 measure dung mass before and after the invasion experiments to estimate 460 decomposition rates, thereby linking species composition and functional traits to a 461 key ecosystem function. Consequently, Sepsids are a promising model system to 462 address fundamental questions in community dynamics and ecosystem functioning. 463
We use Sepsidae to extend the demographic framework as well. Following 464 the approach of Kraft et al. (2015) , the set of functional traits measured on each 465 species is conceptualised as points in multidimensional trait space. Then, 466 competition coefficients are correlated in multidimensional trait space with niche 467 differences and fitness differences between species pairs. This approach can identify 468 the functional traits that are most relevant to coexistence (Table 1) , and provides a 469 whole-organism perspective that is critical to consider, because it cannot be 470 assumed that species are simply the sum of univariate traits (Kraft, Godoy, & Levine, 471 2015) . Rather, combined effects of traits might be critical for predicting both niche 472 differences and fitness differences between species. By adopting this whole-473 organism perspective, it should be possible to predict the recruitment of Sepsidae 474 species from field populations of ephemeral patch competitors. 475
The manipulability of this system also offers a promising way forward to 476 predict community dynamics under changing environmental conditions using the 477 demographic framework, and for linking demography to functional traits. The short 478 generation time of Sepsids enables multiple invasion experiments to be performed 479 simultaneously under controlled environmental conditions (Fig. 2) . Though time- regions, a mechanistic understanding of the degree to which water and light 497 availability interact to control community dynamics will be essential for forest 498 managers to mitigate potential biodiversity loss. 499
Seeking strong predictors of vital rates and species distributions, we focus on 500 whole-plant tolerances to low resource availability and extreme environmental 501 conditions (Craine et al., 2012) . We aim to predict vital rates, and thus community 502 dynamics, in areas for which demographic data is unavailable. More specifically, the 503 aim of this case study is to assess the degree to which physiological tolerances 504 predict observed spatial patterns of vital rates and community compositional 505 turnover. We hypothesise that integrating physiological tolerances with 506 environmental data will explain variation in species distributions at the landscape 507 level, as well as predict changes in species distributions under different climate 508
scenarios. 509
The rain forests of the Paracou Research Station, French Guiana, provide an 510 ideal situation to assess the influences of light and water availability on the 511 community dynamics of tropical trees. Permanent plots have been established in 512 which all trees > 10 cm diameter at breast height have been censused every 1-2 513 years since 1984. Hydrology & light availability also have been characterised in 514 these plots (Wagner et al., 2012) . The survival and growth of saplings of 25 common 515 tree species have been monitored since 1992 in subplots nested within the tree plots 516 (Fig. 3a, b ). This abundance of data allows us to characterise resource availability, 517 species distributions, and the vital rates of individual trees across the landscape. 518
From observation alone, however, the relative importance of these factors in 519 determining the distribution and relative abundance of each species is not evident 520 (Fig. 3b) . Stated more precisely, the observed turnover in species composition 521 between floodplain and plateau forests could occur because floodplain-associated 522 species cannot tolerate the intensity of seasonal drought on the plateaux, or plateau-523 associated species may be intolerant of the flooding regime in the floodplain 524 (Fortunel, Paine, et al., 2016) . 525
We established a shadehouse experiment to assess the physiological 526 tolerances of tree seedlings to drought, flooding and shading (Fig. 3c) . We work on 527 seedlings because of their experimental tractability, and also because seedlings are 528 expected to be more sensitive to fluctuations in soil water availability than adult 529 trees. We use shade-cloth to vary light availability over the range found in the forests 530 and impose three levels of water availability: drought (no watering since the 531 commencement of the study), flooding (water maintained above the soil surface) andwatering to field capacity, in a factorial split-plot design. For each of 11 species, 533 growth and survival are monitored at least weekly. We generate indices of tolerance 534 (Table 1 ). The location of each individual in the shade 539 houses is mapped, allowing us to assess the effects of neighbourhood composition 540 on individual performance. Even so, our estimates of interaction coefficients between 541 species are weak, because the study does not include variation in neighbourhood 542 density. Including systematic variation in neighbourhood composition and density in 543 the experimental design would be more logistically challenging but would provide 544 stronger estimates of interaction coefficients. 545
We will predict the vital rates of growth and survival observed in the field as a 546 function of topographic position and physiological tolerance indices. We expect 547 statistical interactions between topographic position and physiological tolerances. 548
For example, if drought is the primary mechanism generating species turnover, then 549 we would expect elevated mortality risk for drought-intolerant species, but only on 550 the plateaux, which are relatively dry (Fig 4d) . Once such relationships are 551 characterised for flooding, shading and drought, we will build individual-based and 552 integral projection models to predict the dynamics of our focal species under 553 scenarios of changing precipitation (Adler, Ellner, & Levine, 2010) . 554
Conclusions 556
Our motivation is to enhance the generality and tractability of predicting community 557 dynamics, especially for species-rich communities, on the basis of the Chesson-558
Adler demographic framework. Although powerful, this framework is difficult to 559 operationalise in its raw form, and has thus primarily been applied to low-diversity 560 annual plant communities (but see Adler, Ellner, & Levine, 2010) . Phylogenetic data 561 and soft functional traits have been useful for the analysis of community structure but 562 are less informative for the prediction of community dynamics. Instead, we advocate 563 the use of hard functional traits and physiological tolerances, as they provide 564 opportunities to predict community dynamics without a complete reliance on 565 demographic data. Moreover, they provide a mechanistic way to incorporate the 566 variation imparted to ecological communities by environmental gradients, over which 567 population growth rates and interaction coefficients vary. Incorporating 568 environmental variation is essential for making predictions in the face of 569 anthropogenic effects, especially over large spatial or temporal scales. Given the 570 urgent need for ecological forecasting (Clark et al., 2001 ), we hope that ecologists 571 will adopt these approaches, extending the range of ecosystems for which accurate 572 predictions of community dynamics are possible. 573
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